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SUMMARY 

Tests were conducted i n  the  NASA Langley 30- by 60-foot Wind Tunnel on a 
f u l l  scale 7.31 m (24 f t )  long t i p  sec t i on  o f  a wind t u r b i n e  r o t o r  blade. The 
blade t i p  sec t i on  was b u i l t  w i th  a i l e r o n s  on the t r a i l i n g  edge. The a i l e r o n s ,  
which spanned 6 l eng th  o f  6.1 m (20 f t ) ,  were designed so t h a t  two types could 
be evaluated: 
suc t i on  surface a t  t h e  0.62 X chord s t a t i o n  behind the  leading edge. The pur-  
pose o f  t he  t e s t s  was t o  measure t h e  aerodynamic c h a r a c t e r i s t i c s  o f  t h e  blade 

from 0" t o  -goo, and Reynolds Numbers o f  0.79 and 1 . 5 ~ 1 0 6 .  
then used t o  determine which a l l e r o n  c o n f i g u r a t l o n  had the  most d e s i r a b l e  
rotor c o n t r o l  and aerodynamic brak ing c h a r a c t e r i s t i c s .  T e s t s  were a l s o  run t o  
determine the e f f e c t s  o f  vortex generators, leading edge roughness, and the 
gaps between the  a i l e r o n  sect ions on the  l i f t ,  drag, and chordwise fo rce  coef-  
f i c i e n t s  o f  the blade t i p  sect ion 

the p l a i n  and the balanced. The a i l e r o n s  were hinged on the  
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W sect ion f o r :  an angle-of-at tack range from 0' t o  90'. a i l e r o n  d e f l e c t i o n s  
cu 
w 

These data were 

The important r e s u ? t  t o  emerge from the wlnd tunnel  t e s t  was t h a t  the 
p l a i n  a l l e r o n  produced b e t t e r  r o t o r  c o n t r o l  and aerodynamic brak ing character-  
i s t l c s  than d l d  the balanced a i l e r o n s .  The vor tex  generators produced a 
s i zab le  increase (up t o  56 percent)  i n  the chordwise f o r c e  c o e f f i c i e n t  which 
should s l g n l f i c a n t l y  increase r o t o r  performance. The a l l e r o n  gaps degraded 
the l i f t  and increased the drag. 
hand, produced l a r g e l y  n e g l l g i b l e  e f f e c t s  on m o s t  o f  the aerodynamtc charac- 
t e r i s t i c s  wi th  a mlnor e f f e c t  on the drag c o e f f i c i e n t  a t  low angles o f  a t tack  
when the a i l e r o n s  were undeflected. 

The leading edge roughness, on the other  

IN7 RODUCT ION 

The NASA Wind Energy P r o j e c t  O f f i c e ,  under the sponsorship o f  t h ?  U.S. 
Department o f  Energy has been eva lua t ing  var ious a l l e r o n  concepts as a method 
for ( 1 )  c o n t r o l l i n g  the output power o f  l a rge  (over 30 m i n  dlam) p r o p e l l e r  
t ype  wlnd turb lnes,  ( 2 )  p r o t e c t i n g  the r o t o r s  from overspeedlng, and ( 3 )  
reduclng the r o t a t i o n a l  speed t o  a l o w  value ( p r e f e r a b l y  t o  a complete stop) 
I n  the event o f  a loss-of - load emergency. NASA Lewis  has an experimental wind 
tu rb ine ,  the Mod-0 shown i n  f i g u r e  1, whlch l s  used t o  conduct f i e l d  t e s t s  on 
I nnova t i ve  concepts such as  a i l e r o n  c o n t r o l l e d  r o t o r s .  

I n  m i d  1983, a dec is lon w s  hade t o  b u i l d  th ree  7.31 m ( 2 4  f t )  long blade 
sect lons which would have a i l c r o n s  over 6.1 m ( 2 0  f t )  of  the span. Two o f  the 
three sect lons were mounted on the ends o f  a two-bladed rotor which measured 



24.4 m (80 f t )  t o  form the  outboard sect ions o f  a r o t o r  measuring 39 m (128 ft) 
from t i p  t o  t i p .  The r o t o r  was f i e l d  tes ted  t o  determine the  c o n t r o l  and 
shrltdown c h a r a c t e r i s t i c s  o f  bo th  a i l e r o n  con f igu ra t i ons .  
b lade sec t ion  was b u i l t  f o r  simultaneous t e s t i n g  I n  the  NASA Langley 30- by 
60-Foot Wind Tunnel under steady un i fo rm wind cond i t ions .  The purpose o f  wind 
tunne l  t e s t s  was t o  measure the  aerodynamlc c h a r a c t e r i s t i c s  o f  t he  b lade sec- 
t i o n  under steady un i fo rm wind cond i t i ons .  Among the  aerodynamic p roper t ie !  
of . . t e res t  were the  l i f t ,  drag, and moment c o e f f i c i e n t s  o f  t h e  blade sect ion,  
t h e  a i l e r o n  hinge moment c o e f f i c i e n t ,  and chordwise sur face pressure d i s t r i b u -  
t i o n s  a t  one spanwise s ta t i on .  These p roper t i es  were measured a t  angles-of- 
a t t a c k  from 0" t o  90" f o r :  
t r iDped and smooth (as b u i l t )  lead ing  edge cond i t ions ,  and ( 3 )  with vo r tex  
gen-rators  on suc t ion  surface. 

The t h i r d  outboard 

(1) a i l e r o n  d e f l e c t i o n s  from 0" t o  -goo, (2 )  

The purposes o f  t h # s  repo r t  a re  t o  document t h e  r e s u l t s  o f  t h e  t e s t s  and 
t o  present  some o t  t h e  key r e s u l t s  and conclus ions.  
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SYMBOLS 

t c t a l  p ro jec ted  area o f  t he  a i l e r o n s  

pro jec ted  planform area o f  t h e  b lade t i p  sec t i on  

p r o p o r t i o n a l i t y  constant r e l z t i n g  t h e  f o r c e  on the  a i l e r o n  push rod  t o  
the  a i l e r o n  system hinge moment 

chordwise f o r c e  c o e f f i c l e n t  

drag c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  

p i t c h i n g  moment c o e f f i c i e n t  

chord normal f o rce  c o e f f j c i e n t  

a l l e r o n  hinge moment 

t o t a l  drag fo rce  on the  b lade t j p  sec t i on  

t o t a l  l i f t  f o r c e  on the b lade t i p  sec t l on  

t o t a l  p i t c h i n g  moment on the  blade t i p  sec t ion  

t o t a l  hinge moment on the  a l l e r o n  system 

span length  o f  the blade t i p  sectqon 

span length  o f  the a i l e r o n  sec t i on  

mean chord l eng th  o f  the blade t i p  sec t i on  

chord l e n j t h  a t  the  r o o t  end o f  t he  blade t i p  sec t j on  
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Ctip 

Ca 

Q 

V 

Y 

a 

chord length at the tip end of the blade tip section 

mean chord of the aileron 

dynamic pressure of the free streiq 

freestream windspeed 

spanwise location of the mean chord of the blade tlp section 

angle of attack (angle between the wind tunnel jet stream and the 
chordliiie at the root end of the blade tip section) 

taper ratio of the blade tip section 

air density 

APPARATUS AND PROCEDURES 

Blade Tip Section 

In figure 2 is sketched the configuration o f  the blade section. In 
figure 3 is a view of the blade section when it was installed in the NASA 
Langley 30- by 60-Foot Wind Tunnel. The blade section was made with a NACA 
23024 alrfotl at the root end, a NACA 64-621 airfoil 1.22 m (4 ft) away from 
the root end, and a NACA 64-615 airfoil at the tip. The planform taper was 
linear from root to tip whereas the thickness varied linearly only over the 
outer 6.1 m which utilized only the NACA 64-XXX airfoil sections. The tip was 
rounded approximately as sketched. The suction side of tip cap was an exten- 
sion of the suction surface of the blade, whereas, the pressure side of the 
tip cap was beveled toward the suction side. The twist distribution, refer- 
enced relative to the root end of the blade, is -3' (nosedown) at inboard end 
of the aileron section and -lo at the blade tip. 
which is unorthodox for a wind turbine, was dictated by the requirement that 
It duplqcate the twist distribution designed into the blade tip span of Mod-SA 
wdnd turbine. 

This twist distribution, 

(The Mod-5A was terminated after the design phase.) 

The aileron section was 6.1 m (20 ft) in length and consisted of six 
segments of equal length, (fig. 2). Each segment was rlgidly attached to the 
adjacent segments with 4.8 mn (3/16 in) gap between the ends o f  the segments. 
When deflected (by a hydraulic actuator enclosed within the root end of the 
blade section) all segments moved together as though the aileron segments were 
a single unit. Segmented hinges were used to attach the ailerons to the main 
blade structure. The hinge line was locateti on the suction surface at a loca- 
tion 62 percent of the chord (measured along the chord line and not along the 
suction surface) behind the leading edge. Along the hinge line there were, as 
shown in figure 2, gaps between the ends of the hinge segments, and between 
the upper front edge of the ailerons and the upper back edge o f  the blade sec- 
tion. 
Gaps 12 mn (1/2 in) also existed at both ends of the aileron span. 

These gaps measured approximately 205 by 1 1  mn (8 1/16 by 7/16 in). 

The reason for highlightlng the presence o f  the gaps Is because it was 
suspected before the tests (and subsequently proven by the tests) that the 

3 



gaps would have a s i g n i f i c a n t  e f f e c t  on the  l i f t  and drag c o e f f i c i e n t  due t o  
the  a i r  leakage f rom t h e  pressure s ide  t o  t h e  suc t i on  s ide.  

As  shown i n  f'lgure 2(b), the  a l l e r o n s  were dec,lcned so t h a t  two separate 
con f igu ra t i ons  could be tested:  t he  p l a i n  and the  ba? bd. This  was accom- 
p l i s h e d  w i t h  the  use o f  removable i n s e r t s  which were a1  ,hed t o  the  main 
b lade s t r u c t u r e  t o  form the  p l a i n  a l l e r o n  and add i t i ons  t h a t  were fastened t o  
the  p l a i n  a i l e r o n  t o  form the  balanced a i l e r o n .  A foam rubber s t r i p  was glued 
as shown t o  the  rea r  edge o f  t he  i n s e r t s  t o  form a seal  when t h e  p l a i n  a i l e r o n  
was i n  t h e  undef lected pos i t l on .  

The blade sec t ion  s t r u c t u r e  was s i m i l a r  t h a t  o f  an a i r c r a f t  wing, and t h e  
th ree  t i n i t s  were fab r i ca ted  f rom aluminum. The a i l e r o n  ac tua to r  system was 
housed i n s i d e  t h e  b lade between t h e  r o o t  end o f  t h e  blade sec t i on  and t h e  
a i l e rons .  No spec ia l  e f f o r t s  were made t o  f a b r i c a t e  t h e  lead ing  edge p o r t i o n  
o f  t h e  blade t o  be aerodynamical ly smooth. Standard cons t ruc t i on  methods and 
spray p a i n t i n g  techniques were employed t o  form and f i n i s h  t h e  lead ing  edge. 
The p a i n t  f i n i s h  was no t  sanded o r  bu f fed  t o  produce a smoother lead ing  edge 
surface. This  sur face was judged n o t  t o  be smooth i n  the  aerodynamic sense, 
bu t  a l s o  the  lead ing  edge was n o t  rough enough t o  be c l a s s i f i e d  as rough. 

One goal o f  l a r g e  wind t u r b l n e  deslgns i s  low opera t ion  and maintenance 
costs .  Because they a re  expected t o  operate f o r  long  per iods o f  t ime unat- 
tended i n  a l l  types o f  atmospheric cond i t ions ,  t h e  blades w l l l  n o t  ma in ta in  
aerodjnamlcal ly  smooth leadlng edges, even I f  they are  so i n l t i a l l y .  
reason i t  was decided t o  do most o f  t h e  t e s t i n g  w l t h  two lead lng  edge t r i p  
s t r l p s ,  one on the  suc t i on  sur face and one on the  pressure surface. The t r i p  
s t r i p s  were 25 M (1 i n )  wlde by 0.25 mm (0.010 i n )  t h l c k  duct  tape u l t h  one 
s t r a i g h t  edge and the  other  wl th  a sawtooth pa t te rn .  The sawtooth edges o f  
both t r l p  s t r i p s  faced downstream, and were loca ted  a 0.075 X chord jehind the  
leading edges along the  cho rd l l ne  ( n o t  a long t h e  a i r f o i l  sur face)  ( t l g .  2(b)) .  

For t h i s  

Vortex Generators 

V o r t e x  generators ( V G s )  have been proven t o  improve the  performance o f  
l a r g e  wlnd tu rb ines  ( r e f .  1 ) .  F i e l d  t e s t s  have been run  ofi t he  91.4 m 
(300 f t )  diameter H o d - 2  w l t h  and w i thou t  V G s .  
us ing a s l i g h t l y  mod l f ied  form of t he  NACA 230XX a i r f o i l  ser les .  The t e s t  
r e s u l t s  showed t h a t  t h e  VGs reduced t h e  r a t e d  wlnd speed by about 2.25 rnps 
( 5  mph). (The ra ted  windspeed i s  the  lowest va lue a t  wnlch f u l l  power l s  
achleved.) On the  bas is  o f  these r e s u l t s ,  i t  was declded t o  mensrlre t h e  
e f f e c t  the  VGs might have on t h e  b lade t i p  sec t i on  b u i l t  w i t h  NACA 64-6XX a i r -  
f o i l  s e r i e s  under non- ro ta t lng  cond i t tons  I n  d uni form wlnd. The s lzes o f  the 
VGs and t h e i r  i n s t d l l a t i o n  p a t t e r n  on the  b lade sec t l on  were determined from 
the  Mod-2 experlence, and are  shown i n  f l g u r e  4 .  

The Mod-2 blades are  b u i l t  

Surface Pressure Measurlng Cuff and the  Angle-of-Attack Probe 

The t e s t s  o f  the  blade sec t lon  inc luded:  ( 1 )  measurement o f  the  sur face 
pressure d l s t r l b u t l o n s  i n  the chordwlse d i r e c t i o n  a t  one spanwise s ta t?on  near 
mldspan a t  a ?oca t ion  3 .75  m ( 1 2 . 3  f t )  f r o m  the  r o o t  end, us lng  a pressure 
sensing c u f f ,  and ( 2 )  c a l i b r a t l o n  measurements o f  an ang le -o f -a t tack  probe 
bo th  o f  which were used on a Mod-0 r o t o r  blade dur Ing  f t e l d  t e s t s .  
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The pressure c u f f  method o f  measuring sur face  pressures was se lected 
because i t  had been success fu l l y  used on a i r c r a f t  wings i n  steady f l i g h t ,  and 
on a r o t a t i n g  Hod-0 wind t u r b i n e  b lade which i s  usua l l y  exposed t o  unsteady, 
t u r b u l e n t  winds. I n  t h e  unsteady, t u r b u l e n t  winds i t  was a n t i c i p a t e d  t h a t  t h e  
sur face pressures would a l s o  be unsteady. It i s  w e l l  known t h a t  unsteady sur- 
face  pressure d i s t r i b u t i o n  can be s i g n i f i c a n t l y  d i f f e r e n t  than steady ones, 
espec ia l l y  near s t a l l .  Hence, t h e  reasons f o r  t e s t i n g  t h e  pressure c u f f  i n  
these t e s t s  were (1) t o  acqu i re  re ference sur face pressure da ta  under steady 
f l o w  cond i t ions  aga ins t  which unsteady pressures measured i n  t h e  f i e l d  can be 
compared and ( 2 )  t o  check ou t  t h e  opera t ion  o f  t h e  pressure c u f f ,  associated 
Ins t rumenta t ion  and data record ing  equipment p r i o r  t o  us ing  i t  i n  f i e l d  t e s t s  
on the  Mod-0. 

The pressure measuring c u f f  system, shown schemat ica l ly  i n  f i g u r e  5(a), 
cons is ted o f  a b e l t  o f  32 0.125 i n  O.D. by 0.040 i n  I . D .  p l a s t t c  tubes. A 
s i n g l e  s t a t i c  pressure t a p  0.040 i n  diameter was bored i n t o  each tube. The 
bored taps l oca t i ons  were se lected so t h a t  t h e  chordwise sur face pressure d i s -  
t r i b u t i o n s  could be accura te ly  measured. A 32 channel pressure transducer was 
used f o r  t h i s  measurement system. 
which i s  shown schemat ica l ly  I n  f i g u r e  5 ( b ) .  The pressure c u f f  was at tached 
t o  the  blade sec t ion  w i t h  RTV s i l a s t i c  rubber cement. 

The pressures were r e c i i 3 e d  by a system 

The reasons f o r  c a l i b r a t i n g  t h e  angle-of -at tack probe a re  s i m i l a r  t o  
those f o r  making chordwise pressure measurements. I n  a d d i t i o n  t o  measuring 
t h e  instantaneous chordwise surface pressure d i s t r i b u t i o n s  on a r o t o r ,  i t  i s  
impor tant  t o  a l so  know the  angle o f  a t tack  a t  t h e  same i n s t a n t  and spanwire 
l o c a t i o n  as the  pressure c u f f .  On a r o t a t i n g  wind t u r b i n e  r o t o r  t he re  i s  no 
undisturbed f r e e  stream j u s t  ahead o f  t h e  b lade such a i  t he re  i s  ahead o f  an 
a i r c r a f t  wing. Furthermore, a wind t u r b i n e  r o t o r  blade f requen t l y  operates a t  
and above s t a l ?  whereas a i r c r a f t  wings always operate i n  the  at tached f l o w  
regime below s t a l l .  The angle-of -at tack probe was designed t o  be supported on 
a guyed boom a t  a l o c a t i o n  one chord l eng th  i n  f r o n t  o f  t h e  lead ing  edge on an 
extension o f  t he  cho rd l i ne  ( f i g .  b ) .  This i s  no t  f a r  enough ou t  t o  be I n  t h e  
undisturbed f r e e  stream, espec ia l l y  a t  h igh  angle-of -at tack a'c s t a l l  and 
beyond. Hence, the  reason f o r  c a l i b r a t i n g  t h e  ang le-o f -a t tack  under un i fo rm 
steady wind cond i t ions  I n  a wind tunnel .  

Except f o r  t h e  pressure c u f f  and the  angle-of -at tack probe, a l l  a u x i l i a r y  
tubes and w i r i n g  were passed through the  l n s i d e  o f  t he  blade t o  under the  
t u r n t a b l e  where t h e  record ing  equipment was located.  

Wind Tunnel and Test Method 

The 30- by b0-Foot Wind Tunnel o f  NASA Langley Research Center was chosen 
as the  f a c i l i t y  i n  which t o  conduct t he  t e s t s .  The b lade sec t i on  was mounted 
v e r t i c a l l y  on a tu rn tab le ,  the  sur face o f  which was f l u s h  w l t h  t h a t  of a la rge  
h o r i z o n t a l  p la t fo rm,  loca ted  i n  the  open t e s t  sec t i on  o f  the  tunnel  ( f i g .  7 ) .  
This t u r n t a b l e  was remotely ad jus tab le  t o  any angle s e t t i n g  up t o  +3bO*. The 
aerodynamic and g r a v l t y  forces and moments Imposed on the  blade sec t lon  were 
t ransmi t ted  by way o f  the t u r n t a b l e  t o  a fo rce  balance measuring system. The 
cho rd l i ne  a t  the  r o o t  end o f  t he  blade was a l i gned  w t t h  the  t u r n t a b l e  
re ference diameter which had a 0" marking a t  one end and 180" mark a t  t he  
other  end. Hence, the  angle-of -at tack o f  the  b lade t i p  sec t ion  was measured 
r e l a t i v e  t o  the  t u r n t a b l e  re ference diameter l i n e  and the  angle-of -at tack 
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settings reported herein (after being corrected for a slight tunnel flow angu- 
larity) are relative to the root end chordline. 

A portable hydraulic supply system, located in a space under the test 
platform, was used to supply the power needed to deflect the ailerons and hold 
them in any desired position. Thus, to run a test at any predetermlned angle- 
of-attack and aileron deflection angle, these two angles were set remotely 
with the wind tunnel not runnlng. 
the wind tunnel was brought up to speed and allowed to settle out to il steady 
windspeed. Then all the relevant data was recorded. 

After the two angles were set and locked, 

TESTS 

Blade Tip Section Configuration 

Various blade tip-sectton configurations were tested. These configura- 
tions are listed in table I, each of whlch was tested for the reason given in 
the last column of the table. 

The first tests were those with the pressure cuff and angle-of-attack 
probe installed on the blade tip-section. 
angle-of-attack probe calibration tests were completed, only the probe was 
removed because It was believed that the pressure cuff would not measurably 
affect the aerodynamic characteristics of the blade tip-section. One primary 
reason for not removing the cuff was to avoid the need of having to reinstall 
it on the blade for possible field testing in the future. However, when the 
time came to change from the plaln ailerons to the balanced ailerons, It was 
found that the changeover could not be made without removing the cuff. 
the tests of the balanced aileron were run without the pressure cuff on the 
blade. 

When the surface pressure and 

Hence, 

Test Measurements 

This test program was divided for convenlence Into four broad types: 

(1) Aerodynamic force coefficlent measurements. 
(2) Chordwjse surface pressure measurenents. 
(3) Angle-of-attack probe calibration tests. 
(4) Flow visualization experiments. 

(Tests 2 and 3 were run concurrently. Each of these tests are outlined in 
greater detail later in the report.) 

Aerodynsmic force and moment coefficient measurements. - The net aero-- 
dynamlc forces and pitching moment imposed on the tip section were transmitted 
to and measured at the turntable by exlsting instrumentatlon. 
coefficlents to be determlned from the force and pitchlng moment measurements 
were the 

The desired 

L Lift Coefficlent, LL = - 
qAB 
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D Drag Coefficient, CD = - 
(JAB 

H Pitching moment at the 1/4 chord, C, = - 
Chordnormal force, CN = CL cos a t CD sin a 
Chordwise force, Cc = CL sin Q - CD cos a 

qAaCa 

where 

AB = planform area of the blade tip section 
c~ = mean chord of  the tip sectlon where 

X = Taper ratio 
- CtiD 
- ‘root 

The spanwise location, y, o f  CM is given by 

b l t 2 X  
3(1 + X) y ’ T x  

b = tip section length 

q = T ,  the dynamic pressure of the freestream 
a = angle o f  attack measured between root end chcrdllne and 

L = total lift force on the tip section 
0 = total drag force on the tlp section 
M = total pitching moment on the tip section 
p z air density 

2 

the freestream 

Another important coefficient measured was the aileron hinge moment. This 
‘am coefficient is defined as Cam = - 

qAaca 

where 

Ma, = the total aileron hinge moment 
Ca = the aileron chord calculated using t h e  equatlon for CB 
b,d :: aileron projected area 

The Ma, was txtracted from the strain gage on the aileron actuator as out- 
lined in the Appendix A .  

Chordwise surface pressure measurements and angle-of-attack probe 
calibration. - These two tests were conducted concurrently. The test matrix 
for these tests is shown in figure 81 in Appendix B. However, none of the 
test results are presented in this document. 
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Flow visualization. - The purpose of these experiments was to determine 
the flow pattern In the nelghborhcod of the upper surface of the tip sectlon 
when the aileron deflections are large, of the order of -30" to -90". The 
visualization was accomplished with tufts which were attached to the upper 
surface of the blade. The tufts were attached in rows that run in the chord- 
wise direction from the leading edge to the trailing edge In the reglon close 
to the inboard end of the aileron. 
tape using the existing TV cameras and recording equipment. 
made for a selected number of conditions. However, these results are not 
reported in this document. 

The tuft patterns were recorded on video 
Recordlrlgs were 

Matrices of Test C o n d i f . m s  and Parameters 

The matrlces of angles-of-attack, aileron deflections and test conditions 
for which the various coefficients were determined are shown in Appendix B and 
are summarlzed in table 11. 

Recause the Mod-0 rotor blades operate at Reynolds Numbers between one 
and two million, depending on the rotational speed, wind speed, and the local 
chord length, it was the objective of this test to acquire data within this 
range of Reynolds Number. At the time of the tests, however, the Langley 
30 by 60 Foot Wind Tunnel could operate continuously at windspeeds only up to 
-61 mph. Hence, the tests at the matrix points of Appendix B were run at 61 
mph, which corresponds to a Reynolds Number of 1.5~106 based on the mean 
chord of the tip section. To determine the effect of Reynolds Nuyber, data 
were collected for selected matrix points of Appendix B at about 33 mph 
(Re = 0.79~106). 

Data Collection, Processing, and Presentation 

Th? tlp section force and moment data were measured with the existing 
instrumentailori on the turntable and data acquisition system. 
collected undpr steady state conditions for each of the test matrix points as 
specified in the Appendix B .  The data were processed to yield the force and 
pitching moment coefficients defined earlier in t . i s  document. Corrections 
were made to the raw data for tunnel blockage effects and for a slight angu- 
larity o f  the tunnel flow. A l l  the results are presented in tabular form in 
tables 111 to XI. 

These data were 

RESULTS AKD DISCUSSION 

In this report are documented all the aerodynarnlc force and moment coef- 
ficients derived frorr the wind tunnel tests. Only the key results, such as 
the effects of trip-strips, vortex generators, aileron deflections and the 
aileron gaps on the lift, drag, and chordwise force coefficients wlll be dis- 
cussed. What are not discussed are the results pertaining to the aileron 
hinge moment coefficients, and the blade tlp moment coefficients, and the 
chordnormal force coefficients. 

Also not .Included i n  this docgment are: ( 1 )  the measured chordwise sur- 
face pressure djstribution, (2) the angle-of-attack probe callbration data, 
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and (3) the results of the video visualization recordings. 
are intended to be the subject of other reports. 

These three Items 

All the aerodynamic force and moment coefficients are contained In tables 
I11 to XI. For convenience the test conditions, test variables, and para- 
meters are summarized in table 11. 

Aerodynamic Braking and Control Characteristics 

The aerodynamic characteristics of primary interest are the ones 
concerned with the ability of the ailerons to control the power of a wind 
turbine and to protect the rotor from overspeeding under emergency no load 
conditions. The control and overspeed protection characteristics are best 
revealed by the chordwise force coefficient CC (also referred to as the 
suction coefficient). 

Positive values of CC give the blade tip its power producing charac- 
teristics and negative values its braking power. To control power, the Cc 
should decrease monotonlcally as the aileron deflection is increased over a 
range of angles-of-attack over which the blade section is expected to operate, 
namely 0" to about 20" for aileron deflections between 0" and about -40'. 

Plo,s of CC for both the plain and balanced aileron as a functqon of 
angle-of-attack for aileron deflections from 0" to -40" are shown in figure 8. 

On a rotating wind turbine rotor, the outboard portion of each blade 
generally operate in the attached flow cor!ditIon where the angles-of-attack 
are normally less than 20'. In the range from a = 0' to about 20" the CC 
curves for the plain and balanced ailerons are seen to have similar shapes for 
most aileron deflections. The notable feature o f  interest for control pur- 
poses is that as the aileron i s  deflected, the CC versus a curve shlfts 
to more negative values in a systematic maimer after the deflection moves 
beyond -5". Between 0' and -5" of deflection, there is little separation 
between the curves for both ailerons, thereby suggesting that ailerons are not 
very effective as power control devices in this range. However for aileron 
deflections between -5"  and - 2 5 " .  the separatlons between the CC versus 
a curves for larger aileron deflections are more systematic (1.e. no crosslng 
of the curves) for the platn ailerons than for the balanced ailerons. It is 
this regular separation with increased deflection that elves the ?lain aileron 
the more desirable power controlling characteristics. For aileron deflections 
beyond -25" .  the CC versus a curves for both ailerons are well sepa- 
rated, and the separations are more or less constant. 

Beyond a = 20" for 6a'S up to -40".  the Cc curves are of no prac- 
tical interest because the aileron control sections of the rotor blade do not 
operate in thls a range except during the startup or shutdown transients. 
However, for braktng a wind turbine under no load condition, negative CC 
values are desired f o r  all a's up to 90". The more negative Cc I s ,  the 
higher is the braking force and the more effective the ailerons are as brakes. 

In figure 9, it i s  seen that for 6, = -90" Cc has streable negative 
values f o r  a's less than about 30". Above 30'. Cc becomes positive for both 
ailerons. However, for the plain aileron Cc decreases and becomes sllghtly 
negative for lncreasIng a; whereas, for the balanced aileron, the Cc remains 
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p o s i t i v e  a t  a's greater  than 30". I t  i s  t h i s  c h a r a c t e r i s t i c  t h a t  makes t h e  
balanced a i l e r o n  less  des i rab le  as a b rak ing  device. Whether o r  no t  a f r e e  
wheeling r o t o r  under no load i s  prevented f rom overspeeding and slowed t o  a 
complete s top or  t o  a low e q u i l i b r i u m  depends on t h e  balance between the  
chordwise brak ing  forces produced by the  a i l e r o n s  on the  b lade t i p  sec t i on  and 
t h e  power producing forces o f  t he  span inboard o f  t he  a i l e rons .  I t  i s  known 
from ana lys is  and f i e l d  t e s t s  o f  t he  p l a i n  a i l e r o n s  on t h e  Hod-0 t h a t  t h e  
ex is tence o f  p o s i t i v e  C c l s  a t  a's below 90" prevents r o t o r s  f r n n  being 
slowed t o  a complete s top and the  s i zab le  negatiwe CC a t  low b ' s  p r w e n t e d  
r o t o r  overspeed ( r e f .  2) .  

E f fec t  o f  Leading Edge T r i p  S t r i p s  

A l l  o f  t he  tes ts ,  except f o r  two ser ies  ( t a b l e s  I X  and X I ) ,  were run  wi th  
t r i p  s t r i p s  on the  leading edge. 
lead ing  edge when the  blade was equipped w i t h  t h e  balanced a i l e r o n .  
f i g u r e  10 are  p l o t t e d  t h e  CL,  C D ,  and C C  f o r  t h e  cases o f  0" and -91'  a i l e -  
ron d e f l e c t i o n ,  w i t h  and w i thout  t r i p  s t r i p s  and w i th  and w i thou t  vor tex  gen- 
e ra to rs  (discussed i n  the  next  sec t i on ) .  A study o f  these data shows t h a t  t h e  
t r i p  s t r i p s  produce a s l i g h t  and l a r g e l y  n e g l i g i b l e  e f f e c t  on the  C L ,  C o t  and 
C c  f o r  a l l  angles-of -at tack beyond about 5". A t  alphas below 5" t he  e f fec ts  
a re  no t  n e g l i g i b l e  p r i m a r i l y  because t h e  values o f  C L ,  CD, and C c  are  small  
t o  begin w i t h .  The lead ing  edge c o n d i t i o n  had no e f f e c t  on the  C c  when t h e  
a i l e r o n  was de f l ec ted  t o  -goo, ( f i g .  1 0 ( d ) ) .  Hence, f o r  most engineer ing c a l -  
cu la t i ons ,  i t  would be safe t o  assume t h e  t r i p  s t r i p s  produce no s i g n i f i c a n t  
changes i n  these aerodynamic q u a n t i t i e s .  

Those two ser ies  were run  w i t h  t h e  a s - b u i l t  
I n  

E f fec ts  o f  t he  Vortex Generators 

The e f f e c t s  o f  the  Vortex Generators ( V G s )  on C L ,  C g ,  and C C  f o r  v a r i -  
ous angles-of-attack and zero a i l e r o n  d e f l e c t i o n  are  a l so  shown i n  f i g u r e  10. 
These data a re  f o r  the  balanced a l l e r o n  con f igu ra t i on  w i t h  and w i thou t  t r i p  
s t r i p s ,  and w i t h  and w i thout  VGs.  

The most prominent e f f e c t  o f  t he  VGs was t o  Increase the  C, which i n  
t u r n  Increases the  C c .  These increases occurred i n  t h e  a range from 5" t o  
33". t he  maximum increase being 25 percent f o r  t h e  
C c  a t  a = 2 5 " .  The slope o f  t h e  CL versus a curve was a l s o  increased 
for  as below 20". These increases are  understandable because the  VGs are  
performing the  func t i on  f o r  which they were designed: namely, t o  induce t h e  
f r e e  stream t o  draw c loser  t o  t h e  upper sur face o f  the  a j r f o i l  a t  h igher  
angles o f  a t tack .  
c i a b l y  ( f i g .  10(b) ) ,  primarily because the  bouridary l aye rs  were t u r b u l e a t  t o  
begin w i th ;  thus the  VGs d i d  no t  add measurably t o  the  s k i n  f r i c t i o n .  Below 
a = S o ,  however, the  VGs reduced the  

C L ,  and 56 percent f o r  t h e  

On the other hand, the  VGs d i d  no t  increase the  drag appre- 

CL. 

The importance of t he  Increased C L  f o r  dC3 = 0 i s  the  accompanying 
increase i n  CC which would lead t o  an increase I n  output  power i n  those 
sect lons t r  the  r o t o r  blades t h a t  operate ' n  the  10" t o  35" ang le -o f -a t tack  
Tavge. Thls i s  shown I n  f t g u r e  lO(c ) .  These r e s u l t s  add support t o  the  Mod-2 
t e s t  o f  VGs where I t  was shown t h a t  VGs s i q n i f i c a n t l y  increased the  performance 
o f  r o t o r s  t h a t  use NACA 230XX d i r f o i l  ( r e f .  2 ) .  The r e s u l t s  repor ted here 
suggest t h a t  r o t c j r s  made w I t h  NACA 64-El8 t o  621 a i r f o i l s  w i l l  probably 
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experlence a s i g n i f i c a n t  increase i n  performance. 
tabu la r  data ( n o t  presented i n  a f i g u r e )  shows t h a t  VGs d i d  no t  improve t h e  
aerodynamic b rak ing  c h a r a c t e r i s t i c s  o f  t h e  ou ter  blade sec t ion .  

For &a = -90'. t h e  

E f f e c t s  o f  Gaps 

The impsrtance o f  t he  gaps i s  t he  e f f e c t  they have on (1) t h e  r o t o r  e f f i -  
c iency i n  winds below ra ted  when t h e  a i l e r o n s  a re  n o t  de f l ec tc t i  and (2) on the  
aerodynamic b rak ing  i n  an emergency shutdown when the a i l e r o n s  a re  t u l l y  
de f lec ted .  For these reasons t e s t i n g  f o r  t h e  e f f e c t  o f  t he  a i l e r o n  yaps was 
focused on t h e  angle-of -at tack range 0" t o  30' f o r  no a i l e r o n  de f lec? \on  ( d i s -  
cussed below) and 20" t o  60" f o r  an a i l e r o n  d e f l e c t i o n  o f  -90' (no t  discussed 
i n  t h i s  r e p o r t ) .  

I n  f i g u r e  11 are  shown t h e  e f f e c t  o f  gap< on CL, C g ,  and CC versus 
angle-of-attack f o r  t he  case when t h e  p l a i n  le ron  i s  se t  a t  a zero de f l ec -  
t i o n  angle. I n  f i g u r e  l l ( a )  i t  i s  seen t h a t  t h e  CL i s  decreased by t h e  
open gaps over the  e n t i r e  angle o f  a t t a c k  range f rom 0' t o  32". The maximum 
decrease o f  about 0.1 occurred a t  as below 2.5'. The drag c o e f f i c i e n t ,  on 
the  other  hand, was increased by the  open gaps up t o  11 percent  f o r  a = 10". 
and decreased by up t o  7.5 percent  f rom beyond 12" t o  26". 
gaps had no measurable e f f e c t  on CD ( n o t  shown). 
o f  t he  curves i n  f i g u r e  l l ( b )  i s  no t  known. 

A f t e r  26'. t h e  
The reason f o r  t he  c ross ing  

The chordwise fo rce  c o e f f i c i e n t  ( f i g .  l l ( c ) ) ,  was reduced by t h e  open 
gaps for angles o f  a t tack  up t o  about 20'. beyond which t h e  gaps had no e f f e c t .  
These CC curves I n  f i g u r e  l l ( c )  show c l e a r l y  :hat open gaps w i l l  probably 
reduce the  e f f i c i e n c y  o f  a r o t o r  because C c  i s  d i r e c t l y  r e l a t e d  t o  t h e  r o t o r  
torque and hence the  power. Therefore, i t  IC essen t ia l  t h a t  t he  aerodynam!c 
e f f i c i e n c y  o f  t h a t  sec t ion  o f  t he  b lade w i t h  t h e  a i l e r n n s  be maintained a t  t he  
h lghest  poss ib le  e f f i c i e n c y .  This can be done by an appropr ia te  design o f  t he  
a i l e rons  t h a t  t ~ i  11 e l  im lna te  gaps when the  a i  le rons  a re  undef l ec ted .  

E f f e c t  o f  Reynolds Number 

The e f f e c t  o f  t he  Reynolds Number, Re, on the  blade t i p  sec t i on  C L )  
C D ,  and C c  a re  examlned here on ly  f o r  t he  t e s t s  w i t h  the  p l a i n  a i l e rons .  
The t e i t s  - re  run a t  two mldspan Re values: 0.79 and l .SxlO6. Dlscussed 
here are  thc cases where the lead ing  edge wzs equipped w i t h  t r i p  s t r i p s  (and 
no V G s )  and the  a i l e rons  were de f l ec ted  t o  0' and -90". 

I t  1s seen i n  F igure  12 t h a t  t he  Re e f f e c t  on the  CL, Cg, and C c  was 
n e g l l g i t ' ?  a t  a l l  angles-of -at tack except i n  t h e  range from abcut 25" t o  50' 
where the  e f f e c t  i s  seen t o  be minor. The minor changes i n  t h e  C L  and C g  
when 6 = 0" are  probably o f  no Importance except f o r  the  e f f e c t  they have on 
the  CC. The change i n  C C ,  however, 1308s have s lgn i f t cance,  namely, t h a t  an 
increase i n  Rc changes the  p l a i n  a i l e r o n  f rom an aerodynamtc brake (negat ive  
C C )  t o  a power producing ( p o s i t i v e  
has a l s o  been observed I n  the  wind tunnel  t e s t s  o f  a NACA 23024 semi span model 
w i t h  p l a i n  a i l e rons  (unpublqshed r e s u l t s ) .  Those t e s t s  showed t h a t  C C  I s  
negat ive over a l l  a from 0" t o  90" a t  Re less  thar, 60C 000 and as t h e  Re 3s 
increased, the CC values i n  the  '5 range from about 25" t o  45" increase 
monotonica l ly  and become p o s l t i v e .  As  s ta ted  i n  a preceding sect ion,  t he  most 

CC)  device. This  t rend w i t h  inc reas ing  Re 
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s u i t a b l e  aeroaynamlc braking devlce i s  one whlch produces s lzeab le  negat ive  
CC f o r  a l l  Q from 0' t o  9O0, pre fe rab le  w l th  CC values l ess  than -0.2. 
Hence, these three-dlmenslonal t e s t s  o f  a f u l l  sca le semlspan blade t l p  w i th  
p l a l n  a l l e rons  support the conclustcns drawn from t h e  t e s t s  of a two- 
dlmenslor!al model. 
operat lng a t  Reynolds Numbers over one m l l l l o n  w i l l  p rov lde  a s l g n l f l c a n t  
amount o f  aerodynamic braklng a t  a below 2S0, bu t  n o t  f o r  a over 25'. 

That conclusion i s  t h a t  t h e  p l a l n  a l l e r o n s  on a blade t l p  

CONCLUSIONS 

The Important concluslons t o  be d r a m  from these t e s t s  a r e  t h a t  (1) t h e  
p l a l n  a l l e r o n  produced b e t t e r  r o t o r  c o n t r o l  and aerodynamlc b rak lng  character-  
l s t l c s  than d l d  the  balanced a l l e r o n ,  (2 )  vo r tex  generators prcduced a i l gn l f -  
l c a n t  increase (up t o  19 percent) I n  the  chordwlse f o r c e  c o e f f l c t e n t  h l c h  
probably would produce an increase I n  r o t o r  performance, (3)  t h e  gaps between 
the a l l e r o n  sect lons and between t h e  a i l e r o n s  and the  maln blade t l p  sec t l on  
produce some degradatlon I n  the aerodynarnlc l i f t  and an increase I n  the  drag 
when the a l l e r o n s  are undeflected, ( 4 )  t h e  roughened lead lng  edge produced a 
n e g l l g j b l e  e f f e c t  except on t he  drag c o e f f l c l e n t  a t  low alpha and zero a l l e r o n  
d e f l e c t l o n s  ubere the  drag was Increased s l l g h t l y ,  and (5 )  t h e  Reynolds Num- 
bers e f f e c t  was n e g l i g i b l e  o r  minor over the  range tested.  
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APPENDIX A 

AILERON HIN6E MOMENT COEFFICIENT 

Definition of the aileron hinge moment coefficlent i s :  

'am = 7 Ham 

qc amba 

where Mam = hinge moment, ft lbf 

q = tunnel dynamic pressure, lbf/ft2 

Cam = mean chord of  the aileron, = 1.153 ft 

b, = length of the aileron section = 20 ft 

The hinge Woment, Ham, must be determined using the force FPR measured on 
the push rod of the aileron actuator linkage system. 
the push rod load and the aileron hinge moment i s  

A relationship between 

F ~ R  (lbf) X C = H'am (In lb) 
H'am = 12 Ham 

where the C I s  a function of the aileron deflection angle. This callbratlon 
I s  given both graphically and in tabular form on the next page. 
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APPENDIX B 

TEST UATRICES 
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TABLE I .  - BLADE TIP-SECTION CONFIGURATIONS TESTED 

i l e r o n  
type 

Leading edge A i l e ron  gap 
c ond i t i  on s cond i t i on  

P l a i n  I T r i p  s t r i p s  

P l a i n  ! I  
iOpen ( a s - b u i l t )  

1 Open (as-bui It) 

alanced 

a1 anced 

P l a i n  i I  
T r i p  s t r i p s  /Open (as -bu i l t )  

w i t h  vortex 
generators I 

I 

b u i l t )  I 
Smooth (as- 1 Open (as-bui It) 

i A l l  gaps taped 
I 

Pressure Angle-of- T-/-zzL 
On 

O f f  

I 

Test 
ob jec t i ves  

1. Probe c a l i b r a t i o n  
2 .  Surface pres. meas. 

Aerodyn. f o r c e  and 
moment c o e f f i c i e n t s  

Measure the e f f e c t s  
of gaps 

Measure the  e f f e c t s  
o f  gaps 

moment c o e f f i c i e n t s  
Aerodyn. f o rce  and 

E f f e c t s  o f  VGs olr 
aeroayn. f o rce  
and moments 

Basel ine data t o  
determine e f f e c t s  
o f  L.E. roughness 



Table 
no. 

111 
P l a i n  

a i l e rons  

I V  
P l a i n  

a i l e rons  

V 
P l a i n  

a i  le rons  

V I  
a a l  anced 
a i l e rons  

VI1  
Balanced 
a i  1 erons 

VI11 
Balancea 
a i  1 erons 

I X  
Balanced 
a i l e rons  

X 
Bal ancea 
a i l e rons  

X I  
Ea1 anced 
a i l e rons  

-5' t o  -40.. 
-60. t o  -80 

-90' 

TABLE 11. 

Run 
nos. 

1 .  
2 t o  9 
0 t o  12 

13 

1 
13 

2G1 
213 

101 
113 

201 

301 
IO2 t o  9 
110 t o  12 

313 

301 

401 

413 

501 

513 

102 t o  05 

io2 t o  05 
-- 
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